In order to solve the long-standing problem as to whether the eyes of Scutigera coleoptrata were functional and responded to flashes of light, we carried out electrophysiological recordings from them with glass electrodes pushed into the eye's retina. The electroretinograms were typical cornea-negative responses, similar in shape and duration to those seen in other arthropods, including those with cryptic lifestyles. We located two sensitivity peaks: one in the vicinity to light of 448 nm wavelength and a second 0.25-0.5 log unit lower one in the ultraviolet region (UV) of the spectrum around 350 nm and we expect at least two kinds of visual pigments to be present. We can only speculate on the surprisingly well-developed UV-sensitivity and suggest that it could serve the animal as an alarm colour to avoid open, illuminated spaces or to detect exits from concealed hiding places in soil crevices and from under boulders.
INTRODUCTION
In recent years an increasingly interesting debate has been taking place over the phylogeny of arthropods (Oakley, 2003) . Some researchers have advocated polyphyly of arthropods (Manton, 1973; Fryer, 1998; Fernald, 2000) , but other experts, and they are nowadays in the majority, consider the Euarthropoda to be monophyletic (Wheeler et al., 1993; Gehring and Ikeo, 1999; Brusca, 2000) . Compound eyes, and in particular the structural organization of their ommatidia, have played a major role in this discussion (e.g., Paulus, 1979; Richter and Wirkner, 2004) .
Because of the similarity between at least crustacean and insect ommatidia, the monophylum 'Tetraconata', comprising Crustacea and Hexapoda, was established by Dohle (2001) . Myriapods and chelicerates, seen by some as sister groups (e.g., Cook et al., 2001; Hwang et al., 2001; Kusche and Burmester, 2001; Kadner and Stollewerk, 2004) were, for the time being, left out of this taxon, largely because they were thought to be lacking true compound eyes. Amongst the Myriapoda we find eyes of 100-600 ommatidial units, arranged as closely packed hexagonal facets, resembling typical insect and crustacean ommatidia, only in the Scutigeromorpha (Müller et al., 2003) .
However, the capacity of these eyes to respond to flashes of light of different intensity and quality (e.g., colour or e-vector) has never been tested. In fact, it has even been doubted that vision could play a significant role at all in the lives of these shy and nocturnal creatures, commonly known as "house centipedes" (Plateau, 1886 (Plateau, , 1887 Klingel, 1960) . These animals are fast predators, prey upon smaller arthropods and are highly sensitive to substrate vibrations and air currents. Consequently, it was their tactile sense that was assumed to be of major importance to them and not vision (Klingel, 1960) .
We set out to investigate the function of the Scutigera eye through electrophysiological recordings (ERGs). The rationale behind the approach was that information on the eye's function in S. coleoptrata, obtained in this very direct way, would not only provide us with information on the eye's capacity, but also allow us to draw conclusions on the possible role of vision in the general biology of the species and, moreover, be of assistance in the ongoing discussion on arthropod phylogeny.
MATERIALS AND METHODS
Mature individuals of both sexes of the common house centipede, Scutigera coleoptrata (Linnaeus, 1758), were collected from stone walls in the evenings of the month of March on the Mediterranean island of Ibiza in the vicinity of Club Cala Llenya in the northeast of the island. The specimens were placed individually in well-aerated plastic containers together with bits of sediment and pieces of bark. They were then taken by air to Germany and Finland. Live houseflies were given as food every two or three days.
Spectral sensitivity of the eye to visual and ultraviolet (UV) light was measured using the electroretinogram (ERG) technique. As the method for working with visible light (VIS) is described elsewhere (Donner, 1971; Lindström and Nilsson, 1983; Lindström et al., 1988) , only the main features will be dealt with here. For the electrophysiological recordings, specimens were tranquilised by CO 2 and decapitated with a razor blade. A hole was punched through the corneal cuticle of one eye (apical region) with a micro-needle. Since the eyes contain about 150 ommatidia (Müller et al., 2003) , only a few are destroyed by this procedure. A glass electrode, filled with a 1 M NaCl solution (a standard technique not to keep the animal alive, but to conduct electricity) and possessing a tip diameter of about 10 mm, was lowered about 50 mm into the eye below the cornea (Fig. 1) . The neutral electrode was a Ag(AgCl) wire. Always the same lateral region of the eye was aimed for when the electrode was inserted. The preparations were left to adapt for 30-60 min before the experiments commenced.
The eye was exposed to 162 ms light flashes of 14 wavelengths within the VIS region and 8 wavelengths in the UV with flash duration of 240 ms. A total range of 299-673 nm in steps of Ϸ20 nm was tested. The difference in flash length did not affect the ERG as the eye's response was very fast and the readings were taken in the AC mode, but waveforms were checked in DC mode. In the VIS part of the spectrum, Schott double-interference filters with half-band widths of 7-16 nm were used. The optical path consisted of a quartz optical fibre of 200 mm diameter, which was bifurcated, to guide half of the light intensity to a sensitive light meter (Istituto Nazionale di Ottica, Firenze), calibrated against a standard light meter. At all tested light intensities the light spot covered the whole eye. The UV stimulus emanated from a deuterium lamp (C70-3V-HG4 Cathodeon Ltd, Cambridge) powered by a constant voltage device and its light intensity was adjusted by a variable aperture. The Quartz fibre was inserted either into the VIS or the UV light path. The ERG responses from the eye were read on a Tektronix 5031 dual-beam oscilloscope and a Velleman PCS500 PC-scope in AC mode.
As the eye is considerably faster than any light meter, the intensity of the UV stimulus light had to be measured separately after the stimulus flash. The shutter was opened, and the light stimulus was repeated for an extended time of 6 s, now going only to the light meter. The response from the light meter was read on the second channel of the PCscope. To check for possible 'drift' during a recording session, criterion responses of either 100, 200, or 200 mV were used to monitor whether the responses to the spectral lights changed with time. Only when there were no deteriorations of the responses, the latter were used. All experiments were performed at room temperature, i.e. 20-22°C.
Calculations of the spectral sensitivity curves were based on the relative quantum intensities needed for each wavelength to evoke responses of equal amplitude in the eye. During the experiments slow sensitivity changes with time occurred. These were corrected by returning to the same wavelength about every 10 min. The resulting time-sensitivity curve was used for correcting all wavelengths to a fixed moment of the experiment (Lindström, 2000) .
RESULTS
The compound eyes of Scutigera coleoptrata responded with a cornea-negative ERG, of the same type as that found in other arthropods, including those with a cryptic lifestyle, for instance the amphipod Talitrus saltator (Ugolini et al., 1996) , the isopod Saduria entomon (Lindström et al., 1991) and the centipede Lithobius forficatus (Bähr, 1967) . Eye function remained very stable during an experimental session, frequently lasting 2-12 h. Of a total of 13 experiments, 8 were also used for measurements into the UV-part of the spectrum. The high sensitivity in the UV was mirrored by the high sensitivity to visible light (VIS), with peak UV sensitivities being about 0.25-0.5 log units lower than peak VIS sensitivities. Two spectral sensitivity maxima were found, one in the vicinity of 448 nm (VIS) and one around 350 nm (UV). At wavelengths longer than 549 nm the curves fell linearly (Fig. 2) . The VIS part of the sensitivity curve was tested against the Dartnall nomogramme and, regardless of the actual 'technical maximum' at 448 nm, best fit was consistently found for a maximum between 465-472 nm. Intensity-response curves were recorded in four animals, using 528, 512, 472, and 406 nm wavelengths. The curves varied considerably in strength, maximally extending over four log units of intensity and, in some cases, still not reaching the plateau (Fig. 3) . Because the curves stemmed from four different animals (with their own separate photic pre-histories), a direct comparison of the slopes of the linear part of the V/logI curves to prove that more than one visual pigment was present was not possible. However, all of the curves began in the same way at very weak light intensities, suggesting univariance.
UV-sensitivity was high in all eyes tested. From some eyes, with good performance in the VIS, it was, however, not possible to obtain the UV part of the spectral sensitivity curve: the responses to the weakest UV light available were far above the criterion response amplitude used to monitor temporal drift (s.a.). Furthermore, UV light intensities, eliciting just-detectable responses, were too low to be recorded with the (very sensitive) light meter at hand. In such cases the maximum of the UV region of the sensitivity curve might well have exceeded the sensitivity maximum recorded for the VIS part of the spectrum.
DISCUSSION
Only recently have the eyes of Scutigera coleoptrata unambiguously been identified as 'compound', equipped with ommatidia comparable to the tetraconate type (Müller et al., 2003 ). Yet, not Fig. 2 . Mean spectral sensitivity of Scutigera coleoptrata. The UV and VIS parts of the curve are joined at 406 nm, supposing that the last wavelength used in the UV range (i.e., 405 nm) is equal in eliciting a response to the first wavelength on the VIS side (406 nm). The large circles are from Dartnall's nomogramme curve for a 470 nm rhodopsin visual pigment in solution (Dartnall, 1953) . Abscissa: wavelength (nm) in ascending order; ordinate: log relative sensitivity. VIS part of the curve: Nϭ13; UV part: Nϭ7. only had the anatomical nature of these eyes been in doubt for so long, the functional capacity of the Scutigera eye had equally been a subject of considerable speculation. While Grenacher (1880) still thought the eyes of S. coleoptrata to be similar in structure and function to crustacean and insect eyes and those of Lithobius and Scolopendra to at least be able to discriminate light and darkness, Plateau (1887) , experimentally covering up the eyes of Lithobius and Scolopendra, concluded that a dermal light sense ("sensations dermatoptiques") was responsible for conveying information on light intensities. Klingel (1960) had hoped to end the almost century-old speculation by carrying out behavioural tests meant to determine the ability of Scutigera coleoptrata to capture prey under different light intensities. He found that a reaction of S. coleoptrata to capture prey required a tactile and not a visual response. No prey, even as close as 1 cm, was ever seized or in any other way responded to under light conditions varying from 1 lux to bright illumination (except when physical contact was allowed to occur). Even vigorously moving prey items, in close proximity to S. coleoptrata, did not elicit any response. The presence of eyes and their role in Scutigera has, therefore, remained enigmatic ever since. On the other hand, the eyes of centipedes are certainly not irrelevant organs as it could be shown experimentally by Görner (1959) for individuals of Scutigera, Lithobius and Scolopendra that the latter all ran away from light sources (thus, exhibiting negative phototaxis) and oriented towards dark-coloured plates (a behaviour known as 'skototaxis').
Our ERG-recordings have now clearly demonstrated that the eyes in S. coleoptrata possess a broad spectral response curve, peaking in the UV and blue regions (Fig. 2) and that they contain highly sensitive photoreceptors. Peak sensitivity in S. coleoptrata, based on recordings from the eyes of 13 specimens, was located at a wavelength of 448 nm, interpreted by the human eye as 'blue'. In the one successful recording from a single lateral ocellus of the eye of Lithobius sp., peak sensitivity was also located in the same region (Lindström, unpublished) . Both S. coleoptrata and Lithobius sp. exhibited very high sensitivities to wavelengths in the UV-A region, suggesting there could be two kinds of visual pigments in the eyes of these chilopods. Most likely, at least the pigment responsible for the dominant peak at 448 nm, was a rhodopsin-like photopigment since the spectral sensitivity curve matched the Dartnall nomogramme for a visual pigment with lϭ465-472 nm peak performance, indicating absorbing properties of the cornea and other eye structures in the optical pathway. But Dartnall nomogrammes do not extend into the UV and it is unlikely that the shoulder in the UV-A should represented a component of the dominant curve. More likely it is an indication that two visual pigments in separate photoreceptive cells occur in the eyes of these chilopods. This might fit the dual type retinula structure, which was found in the majority of the eyes studied in chilopods to date (e.g., Bähr, 1974; Müller et al., 2003; Müller and Meyer-Rochow, 2006) . The relatively broad shape of the curve might even be indicative of the presence of a third kind of pigment, but it must be born in mind that ERG spectral curves can be affected by several factors and a broad curve with a shoulder need not by necessity indicate the existence of several visual pigments.
Knowing that the eyes of S. coleoptrata (this paper) and Lithobius forficatus (Bähr, 1967) possess the capacity to respond to flashes of light, we are still not in a position to decide whether these arthropods use their vision in prey capture. We are also unable to say, why both species exhibit this extremely high sensitivity to UV radiation. The sensitivity in the blue and green region of the spectrum is not surprising as virtually all arthropods, tested in this way, possess sensitivity peaks in these areas of the visual spectrum to detect light intensity changes between day and night (Menzel, 1979) . However, to merely detect light and darkness, eyes as complicated as those seen in S. coleoptrata (Müller et al., 2003) -and to some extent even in Lithobius sp. (Bähr, 1974 )-presumably need not be required. Both species are cryptic, nocturnal species.
It is possible that UV-sensitivity helps these species to discriminate, from their hiding places in the ground or under stones, secondarily illuminated patches (i.e., areas receiving their brightness through light reflected off shiny pebbles or other reflective material) from real openings, crevices, and holes in the ground leading to the outside. Afterall, stones and most other materials absorb some UV radiation and 'open space' can reliably be assessed by determining the amount of UV present.
If an animal wants to remain hidden from light, it is best to use the UV component of the light as an "alarm colour" (Mazokhin-Porshnyakov, 1969) . The fact that both S. coleoptrata and Lithobius sp. often remain quite motionless for a few seconds after the boulder or log concealing them has been overturned, may be indicative of a 'startling response' due to sudden blinding upon exposure to light, considering the extreme UV-sensitivity of the eyes of these species. Whether prolonged and repeated exposures to UV can damage the eyes and impair their performance (as has been shown to be the case for some insect species: Meyer-Rochow et al., 2002) would be an interesting project for the future.
